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MechanosensitivityThe molecules on mammalian spermatozoa that mediate recognition and binding to the zona pellucida of the
egg are still not understood. Current concepts favour their assembly into multimolecular complexes in the
plasma membrane in response to cholesterol efﬂux, an important step during sperm capacitation. Here, we
track in real time diffusion of cross-linked clusters containing zona-binding molecules and GM1 gangliosides
in the plasma membrane of live boar spermatozoa before and after cholesterol reduction. Both GM1
gangliosides and zona-binding molecules partition into a low density Triton X100 resistant phase suggesting
their association with lipid rafts. Initially, GM1 and zona-binding molecules localize to the apical ridge on the
acrosome but following cholesterol efﬂux with methyl-β-cyclodextrin, clusters containing zona-binding
molecules diffuse randomly over the acrosomal domain. Diffusing clusters of either type do not access the
postacrosome. Spermatozoa agglutinated head-to-head show contact-induced coalescence of GM1 ganglio-
sides (but not zona-binding molecules) suggestive of a speciﬁc mechanosensitive response. Thus, cholesterol
efﬂux initiates diffusion (and possibly formation) of novel lipid raft-like structures containing zona-binding
molecules over the sperm acrosome. We hypothesise that in combination with contact coalescence, these
mechanisms concentrate important molecules to the appropriate site on the sperm surface to mediate zona
binding.arch Institute, 44 Lincoln’s Inn
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Despite extensive biochemical and genetic analyses, the molecular
basis of fertilization in mammals remains contentious. Particularly
vexatious is the initial recognition and binding between a develop-
mentally competent (i.e. capacitated; Yanagimachi, 1994) spermato-
zoon and the zona pellucida (ZP) surrounding the egg. In the mouse
paradigm, long standing and persuasive evidence suggests that
glycans on glycoprotein ZP3 constitute the primary receptors for
spermatozoa (Wassarman and Litscher, 2008), although details of the
sugar moieties involved are still controversial (Shur, 2008; Williams
et al., 2007). More problematic is the identity of the ZP-binding
molecules (ZP-BMs) on spermatozoa about which there is no
consensus of opinion (Tanphaichitr et al., 2007). Current concepts
favour multimolecular assemblies of ZP-BMs forming in the plasma
membrane overlying the sperm head immediately before they
encounter the ZP (Shur, 2008). An instructive precedent for such a
phenomenon is the immunological synapse (IS) which is assembled atthe point of contact between a T lymphocyte and antigen presenting
cell (Bromley et al., 2001). The IS is a concentric arrangement of
adhesion and signalling molecules many of which are found in, or
associate with, lipid rafts upon T cell activation (Zech et al., 2009). The
assembly of such a membrane structure implies repositioning and
stabilization of speciﬁc molecules in response to an external signal.
An obligatory step during sperm capacitation is a reduction in
plasma membrane cholesterol that presages downstream signalling
processes such as protein tyrosine phosphorylation (Travis and Kopf,
2002; Visconti et al., 1995; 1999). Cholesterol is known to be a major
component of lipid rafts and has a profound effect on their formation
and stability (Jacobson et al., 2007; Kenworthy, 2008; Simons and
Toomre, 2000). It is not known how cholesterol efﬂux affects the
spatial organization and diffusion dynamics of ZP-BMs in sperm
plasma membranes and if the latter associate with lipid rafts. In the
present study we have tracked diffusion of molecular complexes
containing ZP-BMs and GM1 gangliosides (a lipid raft marker) in the
plasma membrane of live boar spermatozoa. We show that initially
these molecules are restricted to the apical ridge on the sperm head
but following cholesterol efﬂux they diffuse randomly throughout the
anterior acrosomal (AAc) and equatorial segment (EqS) domains. We
also describe a putative mechanosensitive signalling response to
sperm–sperm aggregation during which GM1 gangliosides coalesce to
the site of membrane contact.
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Preparation of spermatozoa andAlexa Fluor 488-ZP glycoproteins (ZPGPs)
All inorganic reagents were purchased from Sigma-Aldrich (Poole,
UK) unless speciﬁed otherwise. Ejaculated spermatozoa from boars of
proven fertility (Large White and Landrace breeds) were obtained
from a commercial pig breeding company (JSR Genetics Ltd, Drifﬁeld,
UK), washed through 30%–70% Percoll to remove dead spermatozoa
and seminal gel particles and resuspended to 2×107/ml in incom-
plete TALPi medium (100 mM NaCl, 3.1 mM KCl, 0.3 mM NaH2PO4,
0.4 mM MgCl2, 10 mM HEPES, 21 mM sodium lactate, 1 mM sodium
pyruvate, 5 mM glucose, pH 7.2; Parrish et al., 1988). Percoll washing
is known to be a very efﬁcient procedure for removing seminal plasma
from spermatozoa (Harrison, 1976; Grant et al., 1994). The measured
osmotic pressure of TAPLi was 295–305 mOs/l. Where appropriate,
TALPi was adjusted to pH 5.5 with 1N HCl. Sperm concentrations were
measured using a haemocytometer. Testicular and cauda epididymi-
dal spermatozoa were recovered from boar testes collected from a
local slaughterhouse and washed as described for ejaculated sperma-
tozoa. ZPs were puriﬁed from pig ovaries (Gaboriau et al., 2007) and
either used as such in sperm binding assays, or solubilized at 70 °C for
30 min in 0.1 M borate buffer pH 9.0. Soluble ZPGPs (protein 1.5 mg/
ml) were labeled with Alexa Fluor 488 (Alexa Fluor 488 protein
labeling kit #A10235; Molecular Probes-Invitrogen, Paisley, UK) to a
ﬂuorophore:protein (F–P) ratio of 1.88 or biotinylated with NHS kit
H-1759 (Sigma-Aldrich) (Gaboriau et al., 2007).
Labeling spermatozoa with Alexa Fluor 555-CTXB, Alexa Fluor
488-ZPGPs and BODIPY GM1
Aliquots (500 μl) of sperm suspensions in TALPi pH 7.2 were
centrifuged at 1200g for 4 min in an Eppendorf Microfuge and pellets
resuspended to 500 μl in TALPi pH 5.5. From this suspension 50 μl of
sperm were mixed with 50 μl TALPi pH 5.5 followed by 3 μl (0.3 μg)
Alexa Fluor 555-CTXB (Molecular Probes-Invitrogen) and incubated
at 37 °C. At different times incubations were terminated by addition of
500 μl of TALPi pH 7.2, centrifuged as above and spermatozoa
resuspended to 100 μl in TALPi pH 7.2 for imaging. Although CTXB is
widely used as a probe for GM1 ganglioside, it is not completely
speciﬁc (Yanagisawa et al. 2006). Its use stems from its very high
afﬁnity for GM1 (Kd=4.61×10−12 M; Kuziemko et al. (1996)),
decreasing with the series GM1NGM2NGD1aNGM3NGT1b. The
difference in afﬁnity between GM1 and GM3 is 17.3 fold. Mammalian
spermatozoa contain signiﬁcant amounts of GM1 and GM3 but GM2 is
aminor component (Bushway et al., 1977; Gore et al., 1986). Inmouse
sperm, Kawano et al. (2008) found that GM1 was the only glycolipid
recognized by CTXB on chromatograms making it highly likely that
this was the ganglioside detected on the surface membrane.
For labelingwith Alexa Fluor 488-ZPGPs, 50 μl sperm suspension in
PBS/0.1% BSA pH 7.2 were mixed with 10 μl of the ﬂuorescent probe,
incubated at room temperature and spermatozoa washed twice by
centrifugation in 500 μl PBS/0.1% BSA pH 7.2. Plasma membranes
were loaded with BODIPY Fl C5-ganglioside GM1 complexed to BSA
(Molecular Probes-Invitrogen) by mixing 100 μl sperm suspension in
TALPi pH 7.2 with 5 μl of 10 μM BODIPY-GM1 in the same buffer,
incubating for 5–15 min at 37 °C and washing ×2 in 500 μl TALPi
pH 7.2.
Depletion/repletion of membrane cholesterol
Spermatozoa in TALPi pH 7.2 were incubated with 1 or 2 mM
methyl β-cyclodextrin (MBCD) for 60 min at 37 °C, centrifuged and
resuspended in TALPi pH 7.2 to the original volume. Cholesterol
reduction was measured by staining with 50 μg/ml ﬁlipin III for
20 min at 23 °C, washing ×2 in TALPi pH 7.2 and bound ﬁlipinquantiﬁed on a Becton Dickinson LSRII FACS sorter set at 340 nm
excitation. Alternatively, cholesterol-depleted spermatozoa were
repleted with 0.1 mM MBCD-cholesterol in TALPi pH 7.2 for 60 min
at 37 °C followed by staining with ﬁlipin III and FACS analysis.
Binding of spermatozoa to intact ZPs
Control and 1 mM MBCD-treated spermatozoa were incubated
with either intact eggs or disrupted zonae minus cytoplasm (referred
to as ZP “shells”; Gaboriau et al., 2007) followed by labelingwith Alexa
Fluor 555-CTXB as described above. Alternatively, spermatozoa were
pre-labeled with BODIPY-GM1 as before and incubated with ZP shells.
Imaging and trajectory analysis
Diffusion of Alexa Fluor 555-CTXB and Alexa Fluor 488-ZPGP
probes were videoed using a Nikon Labophot-2 epiﬂuorescence
microscope ﬁtted with a 100× Fluor 1.3 NA oil immersion objective.
Images were captured with a Sony UltraPix FSI CCD camera at rates
between 7 and 30 frames/s. Double-labelled two-colour images were
taken on an Olympus FV1000 point-scanning confocal microscope
using a 60×1.4 NA objective (Olympus) and excitation light at 488
and 543 nm. BODIPY-GM1 diffusion was measured by FRAP as
described previously (Wolfe et al., 1998). All diffusion measurements
were taken at 23 °C except where indicated. Still images were taken
on an Olympus BX40 epiﬂuorescence microscope ﬁtted with a 100×
UPlan Apo NA 1.3 oil immersion objective and a digital camera
(Olympus U-TVO 0.5×C). Videos were viewed in Metamorph
(Universal Imaging Corporation, USA) and analysed in MATLAB
implemented software (Universal Imaging Corporation, USA) (Bruck-
bauer et al., 2007). A background was subtracted from each video
frame consisting of the averaged ﬂuorescence image from the 50
closest frames, with negative pixel counts set to 0. This effectively
removed stationary regions of ﬂuorescence. Fluorescent particles
were then identiﬁed as peaks 3 standard deviations above the mean
background count, and the center-of-mass (centroid) position and
brightness calculated. Spot positions were linked using a determin-
istic algorithm based on Crocker's well-known algorithm (Crocker
and Grier, 1996), which gave good agreement with tracking by eye.
The program parameters were altered between ﬁles for the confocal
dual-labeling experiments to get the best agreement with tracking by
eye. MSD and D values were calculated as described previously
(Bruckbauer et al., 2007).
Isolation and analysis of detergent resistant membranes (DRMs)
Washed spermatozoa in 2×5ml TALPi pH 7.2 (adjusted to 2×108/
ml) were incubated±4 mM MBCD for 60 min at 37 °C. Suspensions
were centrifuged at 600g for 15 min and pellets resuspended in 2 ml
ice-cold MBS buffer (25 mM MES, 150 mM NaCl, 4 mM benzamidine
HCl, pH 6.5) containing 1% Triton X100. Suspensions were stood on ice
for 35 min, centrifuged at 900g for 10 min and supernatants
recovered. Supernatants (4 ml) were mixed with equal volume of
85% sucrose in MBS, transferred to an ultracentrifuge tube and
overlain with 4 ml each of 30% and 5% sucrose in MBS. Tubes were
centrifuged for 18 h at 38,000 rpm (Beckman SW41 rotor) at 4 °C. One
ml fractions were collected from the top of the tube and assayed for
opalescence at 620 nm and protein (BioRad dye binding kit). GM1
gangliosides and ZPGP-binding proteins were detected by vacuum-
blotting 20 μl aliquots+80 μl PBS onto nitrocellulose membranes.
Blots were blocked with 5% Marvel in TBST (10 mM Tris, 100 mM
NaCl, 0.1% Tween 20, pH 7.5) for 60 min, washed ×3 and probed with
1:4000 HRP-CTXB or 1:100 biotinylated-ZPGPs in TBST for 120 min.
The latter probe was subsequently detected with 1:5000 HRP-
streptavidin in TBST and peroxidase activity assayed by chemilumi-
nescence (PerkinElmer kit).
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Association of GM1 gangliosides and ZP-BMs with a detergent resistant
membrane (DRM) fraction
The presumption that DRM fractions, liquid ordered phase
domains (Lo) and lipid rafts are synonymous has provoked much
unresolved controversy (Kenworthy, 2008; Kusumi and Suzuki 2005;
Lichtenberg et al., 2005). What is not disputed, however, is that cell
membranes contain lateral microheterogeneities which are enriched
in cholesterol, sphingomyelin and GM1 gangliosides, classic Lo phase
and raft lipids (Hancock, 2006). It was of interest, therefore, to
investigate whether ZP-BMs and GM1 gangliosides partitioned into
a DRM fraction and if this behaviour was affected by cholesterol
depletion.
Throughout these experiments MBCD has been used to lower
membrane cholesterol rather than bovine serum albumin (BSA)
which has other unspeciﬁed effects on spermatozoa. Fluorescence
activated cell sorting (FACS) of spermatozoa stained with ﬁlipin (a
cholesterol binding molecule) showed that pre-treatment with 1 mM
and 2 mM MBCD reduced their cholesterol content by ∼17% and 39%
respectively (Supplementary Fig. S1). Conversely, incubation with
0.1 mM MBCD-cholesterol restored cholesterol levels 2- to 3-fold.
In control spermatozoa, a strong opalescent band was present at
the 5%–30% sucrose interface (fractions 5 and 6) whose light
scattering intensity did not change signiﬁcantly after pre-treatment
with 2mMMBCD (Fig. 1A). Dot–blot analysis revealed that fractions 5
and 6 contained N90% of detectable GM1 gangliosides and ZP-BMs and
that this distribution was unaffected by lowering cholesterol (Fig. 1B).
Thus, in boar spermatozoa ZP-BMs and GM1 gangliosides co-partition
into the DRM fraction.Fig. 1. Isolation of DRM fraction from spermatozoa. (A) Opalescence and protein
concentration in 1 ml fractions collected from the sucrose gradient. Fraction 1=top,
fraction 12=bottom. A single peak of opalescence is present at the 5%–30% interface
(fractions 5 and 6). (B) Dot–blot scan of fractions probed with HRP-CTXB and
biotinylated-ZPGPs/HRP-streptavidin. Fractions 5 and 6 in both control and MBCD-
treated spermatozoa contain N90% of GM1 gangliosides and ZP-BMs.Visualization and diffusion of GM1 gangliosides in sperm
plasma membranes
Labeling live spermatozoa with ﬂuorescent CTXB is problematic
(Buttke et al., 2006). Therefore, initial experiments were designed to
optimize the conditions for binding of Alexa Fluor 555-CTXB. In TALPi
pH 7.2 medium, b15% of spermatozoa bound the probe which
appeared as 1 or 2 small ﬂuorescent “spots,” ∼0.5 μm diameter, on
the apical ridge and AAc. Lowering the pH tob6.0 (we routinely used
TALPi pH 5.5) followed by washing into TALPi pH 7.2, however,
improved labeling considerably and did so in a time-dependent
fashion (Fig. 2A). After 30 min, ∼14% of spermatozoa had weak
punctate ﬂuorescence along the apical ridge with most cells (∼69%)
unlabeled. By 60 min, ∼46% were labelled on the apical ridge with
weak diffuse ﬂuorescence over the AAc; after 120 min ∼61% showed
this pattern. At 120 min ﬂuorescent patches or “clusters” of varying
sizes appeared that were randomly distributed over the AAc and EqS
(Fig. 2A); no labeling was present on the PAc or tail. The latter regions
only labeled if spermatozoa were dead or had undergone a
spontaneous acrosome reaction (AR); such spermatozoa are referred
to as “dead pattern” (Fig. 2A). Strong labeling on the PAc could be
produced experimentally by permeabilizing sperm membranes by
cold shocking (a rapid reduction in temperature from 37 °C to 0 °C)
which increased the proportion of dead patterns from b10% to N85%.
This ability to distinguish live from dead spermatozoa on a cell-by-cell
basis greatly facilitated subsequent experiments. After 240 min, the
predominant labeling pattern (∼64%) was of numerous ﬂuorescent
patches against a diffuse background with little or no labeling
remaining on the apical ridge. Boar spermatozoa survive well at pH
5.5 as the proportion of dead pattern spermatozoa remained constant
at ∼12% throughout and was similar to those maintained at pH 7.2.
Additionally, the high afﬁnity of Alexa Fluor 555-CTXB for GM1
ganglioside (Kuziemko et al., 1996) makes it unlikely that labelling
patterns were caused by dissociation of the probe.
Pre-incubation of spermatozoa with 1 mM MBCD accelerated
uptake of Alexa Fluor 555-CTXB at pH 5.5 signiﬁcantly (Fig. 2A). After
30 min, ∼60% of spermatozoa were labeled, ∼16% strongly on the
apical ridge and ∼44% on the apical ridge+ diffuse AAc. By 60min and
120 min, 50% to 62% of cells contained numerous small ﬂuorescent
clusters, ∼0.5 μm diameter, that covered the whole AAc+ EqS against
a diffuse background. At 240 min the ﬂuorescent clusters were
numerous and frequently large (1–2 μm) and irregular in outline. As
observed with control spermatozoa, the proportion of dead pattern
spermatozoa remained at ∼12% throughout.
On control spermatozoa, the CTXB-labeled clusters that appeared
after 60 min incubation were either stationary, typically those on the
apical ridge and edges of the sperm head, or they diffused rapidly
within the conﬁnes of the AAc and EqS (Supplementary Figs. S2 and
S3). The proportion of spermatozoa with diffusing clusters was much
higher when they were labeled in TALPi buffer pH 5.5 followed by
washing into TALPi pH 7.2, than when they weremaintained at pH 5.5
or pH 7.2 throughout (Supplementary Fig. S2A). MBCD pre-treatment
doubled the proportion of spermatozoa with diffusing clusters
(Supplementary Fig. S2B) as well as increasing the mean number of
diffusing clusters per sperm from 2.1 to 6.9 (Supplementary Fig. S2C).
Frequently, clusters were observed to approach and retreat from the
PAc boundary several times (Supplementary Fig. S3 video). On
heavily labeled spermatozoa the AAc and EqS had a ‘boiling’
appearance due to large numbers of diffusing clusters (Supplemen-
tary Fig. S3). The incidence of such spermatozoa decreased after 3- to
4-h incubation as the large irregular clusters became stationary
(especially at the boundary with the PAc) or diffused very slowly,
sometimes rotating within a small area (Supplementary Fig. S4
video). We consider these large clusters to be formed from small
diffusing clusters as (i), “peanut-shaped” structures were frequently
observed consistent with 2 clusters joining together, and (ii), small
Fig. 2. Binding of Alexa Fluor 555-CTXB to live spermatozoa and analysis of diffusion trajectories. (A) Fluorescence images of representative spermatozoa incubated with Alexa Fluor
555-CTXB at pH 5.5/7.2 for various times at 37 °C. Spermatozoa were either untreated (controls) or pre-treated with 1 mM MBCD. Initially (30 min), the probe bound only to the
apical ridge, but after 60 min and 120 min apical ridge labeling decreased and instead small ﬂuorescent clusters appeared in the middle of the acrosome. MBCD pre-treatment
enhanced the rate of cluster formation. After 240 min large aggregates were present. Dead spermatozoa stained strongly on the postacrosome and midpiece and were easily
distinguished from live cells. (B) Trajectories of three representative clusters illustrating (i), diffusion between the EqS and AAc; (ii) diffusion at the boundary between the EqS and
postacrosome (PAc); (iii) diffusion on the AAc. AR=apical ridge. Color changes are time-based (10 s) beginning with dark blue to light blue to green to brown to red. (C) to (E),
histograms show Gaussian distribution of measured D values for diffusing clusters on control spermatozoa (C), and after pre-treatment with 1 mM (D) and 2 mMMBCD (E). Inserts
are representative MSD curves. D values were calculated from the slope of the red line. Bar=2 μm.
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aggregates and remained with them, irrespective of whether they
were stationary or diffusing. Repletion of spermatozoa with 0.1 mM
MBCD-cholesterol for 60 min following labeling with Alexa Fluor 555-
CTXB (120 min), reduced the proportion of cells with diffusing
clusters from ∼56% to b3% (N=3).
Trajectory analysis conﬁrmed that diffusing clusters exchanged
freely between the AAc and EqS but did not cross onto the PAc
(Fig. 2B). Mean square displacement (MSD) analysis gave a mean
diffusion coefﬁcient (D) value of 0.052±0.003 μm2 s−1 for sperma-
tozoa labeled at pH 5.5 and then restored to pH 7.2 (Fig. 2C). Increasing
the temperature from 23 °C to 37 °C increased D values from 0.071±
0.004 μm2 s−1 to 0.118±0.013 μm2 s−1. Although MBCD pre-
treatment increased the number and size of diffusing clusters, it had
little effect on their D values (compare 0.052±0.003 μm2 s−1 for
controls (Fig. 2C), 0.048±0.002 μm2 s−1 for 1mMMBCD (Fig. 2D), and
0.046±0.004 μm2 s−1 for 2 mM MBCD (Fig. 2E). This is not
unexpected, since diffusion coefﬁcients in membranes are predicted
to be relatively insensitive to particle radii above∼10 nm (Frolov et al.,
2006). In all cases MSD plots were linear indicating random diffusion.
Detection and diffusion of ZP-BMs on spermatozoa with Alexa Fluor
488-ZPGPs
Unlike Alexa Fluor 555-CTXB, binding of Alexa Fluor 488-ZPGPs to
spermatozoa was effective over a broad pH range from 5.5 to 7.2.Binding was also more discrete in PBS/0.1% BSA pH 7.2 than in TALPi
pH 7.2 medium and hence the former buffer was preferred. Dead or
spontaneously AR spermatozoa showed strong ﬂuorescence all over
the AAc with a weak reaction on the PAc and were easily dis-
tinguishable from live cells (Fig. 3A). They comprised b16% in all
samples. In the presence of unlabeled ZPGPs, binding of Alexa Fluor
488-ZPGPs to live spermwas inhibited by N90% (Gaboriau et al., 2007).
Binding of Alexa Fluor 488-ZPGPs to live spermatozoa was both
time- and MBCD-dependent (Fig. 3A). In control samples incubated
for 60 min, ∼71% of spermatozoa had ﬂuorescence conﬁned
speciﬁcally to the apical ridge with the remainder showing either
no ﬂuorescence (∼8%), or weak ﬂuorescence immediately behind the
apical ridge (∼9%), or dead pattern (∼12%). These proportions did not
change signiﬁcantly throughout the incubation period (240 min).
After pre-treatment with 1 mM MBCD, however, only ∼2% of
spermatozoa had speciﬁc apical ridge labeling after 60 min with
∼77% showing, in addition, diffuse ﬂuorescence on the AAc (Fig. 3A).
Between 120 and 240 min this diffuse ﬂuorescence extended over the
whole AAc+EqS of ∼82% spermatozoa with a loss of speciﬁc apical
ridge labeling. Within the AAc and EqS domains stationary or rapidly
diffusing clusters appeared (Fig. 3A and Supplementary Figs. S5
and S6 videos). The mean number of diffusing clusters per sperm was
1.42±0.63 (N=19). Labeling was not observed on the PAc or sperm
tail. Trajectory analysis of labeled clusters revealed that they
exchanged freely between the AAc and EqS but did not cross onto
the PAc (Fig. 3B). MSD plots were essentially linear indicating random
Fig. 3. Binding of Alexa Fluor 488-ZPGPs to spermatozoa and analysis of diffusion trajectories. (A) Fluorescence on control spermatozoa was restricted to the apical ridge throughout
240 min incubation. After pre-treatment with 1 mM MBCD, however, the apical ridge labeling disperses and is replaced with weak diffuse ﬂuorescence over the acrosome within
which small brightly staining clusters appear. The PAc and tail on live sperm do not bind the probe. Dead or permeabilized spermatozoa stain strongly on the acrosome. (B)
Representative trajectories of diffusing clusters over the EqS and AAc of 1 mM MBCD-treated spermatozoa. Clusters do not cross onto the PAc. Color changes as described in Fig 2.
(C) Gaussian distribution of measured D values from MBCD-treated spermatozoa. Insert=representative MSD curve. Bar=2 μm.
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Addition of 0.1 mM MBCD-cholesterol for 60 min to previously
labeled spermatozoa abolished diffusion of all clusters. Thus, diffusion
of ZP-BMs is strongly dependent on lowering membrane cholesterol.
Double labelling of spermatozoa with Alexa Fluor 555-CTXB and Alexa
Fluor 488-ZPGPs
To determine if GM1 gangliosides and ZP-BMs resided in the same
or different clusters, double labeling experiments were carried out on
spermatozoa pre-treated with 1 mMMBCD. Preliminary experiments
showed that sequential incubation with Alexa Fluor 555-CTXB in
TALPi pH 5.5 followed by Alexa Fluor 488-ZPGPs in PBS/0.1% BSA pH
7.2 resulted in stronger labeling than incubation with both probes
simultaneously or in the reverse order.
Two-color confocal microscopy revealed a mixture of individual
CTXB- and ZPGP-labeled clusters that diffused with mean D values
of 0.093±0.009 μm2 s−1 and 0.065±0.013 μm2 s−1 respectively
(Figs. 4A and B). From 84 trackable clusters, an average of 75% CTXB
and 58% ZPGP co-clustered (Fig. 4C; Supplementary Fig. S7) with the
remainder appearing to be just 1 color. Tracking co-labeled clusters on
individual green and red channels for 80–100 frames produced
identical trajectories conﬁrming that their association was non-
random. Assuming there was no mutual interference between probes
during sequential labeling, the results suggest the presence of three
populations of diffusing clusters; those containing GM1 gangliosides,
those containing ZP-BMs and hybrid clusters containing both target
molecules.Contact-induced coalescence of Alexa Fluor 555-CTXB-labeled clusters
on aggregated spermatozoa
During incubation at 37 °C in 1 mM MBCD, boar spermatozoa
begin to aggregate head-to-head, initially in groups of 2–4 that
subsequently enlarge into masses of 10–20 cells. Aggregated
spermatozoa remain motile and push against each other meaning
that physical deformation forces must be generated. Without
exception, aggregated spermatozoa labeled with Alexa Fluor 555-
CTXB showed strong ﬂuorescence at the point of contact between
their surfaces. This took place irrespective of whether sperm heads
were touching tip-to-tip (Fig. 5A), overlying each other (Figs. 5B and
C) or aligned laterally (Fig. 5D). The size of the ﬂuorescent patch was
always less than the total area of the overlapping heads indicating a
restricted area of contact between their plasma membranes. This is
likely as boar sperm heads are slightly curved rather than completely
ﬂat. Contact between the sperm tail and head did not result in a
ﬂuorescent patch nor was there any indication of patch formation
between touching dead spermatozoa which remained similar to those
shown in Fig. 2A. Aggregated spermatozoa were frequently motile
indicating that binding was sufﬁciently strong to resist shearing
dissociation. A feature of these aggregated spermatozoa was the
absence of ﬂuorescence over the rest of the AAc and EqS (cf. non-
aggregated sperm in Fig. 2A, 120 min sample) implying that GM1
gangliosides had migrated towards the contact site and that the patch
was not a case of overlap (cf. the tip-to-tip ﬂuorescence (Fig. 5A)
where there is no overlap). We refer to this phenomenon as contact-
induced coalescence.
Fig. 4. Spermatozoa double-labeled with Alexa Fluor 555-CTXB and Alexa Fluor 488-ZPGPs. (A) and (B) Frames (numbered) from video sequences of 2 representative spermatozoa
double-labeled after pre-treatment with 1 mM MBCD. Cluster numbers were quantiﬁed by eye. Arrow indicates cluster containing both red and green probes (overlay=orange)
near the beginning of the sequence. The anterior tip of the sperm head is orientated toward the top in each frame. (C and D) Two-dimensional plots of trajectories of the clusters
shown in (A) and (B) respectively. The green and red trajectories run in parallel indicating the association is non-random. (D) Gaussian distribution of D values calculated for
individual red- or green-labelled clusters collected from double-labelled spermatozoa. Bar=2 μm.
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molecules towards a focal point following a mechanical stimulus. In
theory, a time-dependent gradient should be created across the sperm
head. In an attempt to obtain quantitative data on this process,
spermatozoa were pre-labeled with ﬂuorescent BODIPY-GM1 which
partitions uniformly into the plasma membrane throughout the head
and tail (Fig. 5E). BODIPY-GM1 is freely diffusing in the membrane;Fig. 5. Confocal microscopy of contact-induced coalescence on aggregated spermatozoa. (A
Fluor 555-CTXB at pH 5.5/7.2 for 120 min. A strong ﬂuorescent patch appears at the site of co
120 min sample. (E) Spermatozoa pre-labeled with BODIPY-GM1 show uniform ﬂuores
spermatozoa with 1 mMMBCD for 60 min causes some re-distribution of probe in aggregate
MBCD pre-treated spermatozoa labeled with Alexa Fluor 488-ZPGPs do not show localizati
Bar=2 μm.FRAP analysis gave a mean D value of 1.5 μm2 s−1 on the sperm
acrosome that increased to 3.6 μm2 s−1 after cholesterol removal with
1 mM MBCD (Supplementary Fig. S8). BODIPY-GM1 pre-labeled,
MBCD-treated, spermatozoa that aggregated into doublets or triplets
had large irregular-shaped ﬂuorescent patches within the area of
overlapping acrosomes (Figs. 5F–H), larger than those observed with
Alexa Fluor 555-CTXB. BODIPY-GM1 labeling was also evident–D) Spermatozoa from samples pre-treated with 1 mM MBCD and labeled with Alexa
ntact between the sperm heads. Compare with non-aggregated spermatozoa in Fig. 2A,
cence over the sperm head and tail. (F-H) Incubation of BODIPY-GM1 pre-labeled
d spermatozoa but the effect is not as clear as with endogenous GM1 gangliosides. (I, J)
on of signal to the contact site. Images shown are representative of ∼10 experiments.
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was consistently unlabeled in aggregated cells. This different
behaviour to native GM1 may be due to the chemistry of BODIPY-
GM1which has the ﬂuorophore attached to the terminal carbon of the
short C5 acyl chain and would, therefore, be embedded within the
hydrophobic core of the membrane. Because of the irregular and
unpredictable size of the ﬂuorescent patches it was not possible to
measure their formation quantitatively and reliably.
Aggregated spermatozoa probed with Alexa Fluor 488-ZPGPs
did not show evidence for coalescence of ZP-BMs at the contact site
(Figs. 5I, J).
Do GM1 gangliosides coalesce during sperm binding to the ZP?
Contact-induced coalescence provides an obvious mechanism for
concentrating and targeting molecules to speciﬁc sites on the
membrane at fertilization. Boar spermatozoa are known to bind to
eggs with an intact plasma membrane overlying the acrosome
(Peterson et al., 1981) and it was relevant, therefore, to investigate
if GM1 gangliosides become localized at the point of contact between
the sperm head and the ZP. For this purpose, eggs or puriﬁed ZP
“shells” were incubated with 2 mM MBCD-treated spermatozoa that
were either pre- or post-labeled with Alexa Fluor 555-CTXB.
Irrespective of the sequence of labeling, however, there was no
evidence for a concentration of GM1 gangliosides at the contact site
between sperm heads (usually 10–15) and the ZP. These experiments
were hampered by technical difﬁculties due to high background
staining of egg cytoplasm and the ZP. Even isolated ZP shells had
signiﬁcant background irrespective of the concentration of Alexa Fluor
555-CTXB used. Similarly, when spermatozoa adhering to the ZP were
pre- or post-labelled with BODIPY-GM1, reliable evidence for contact
coalescence could not be obtained. Technical problems, therefore,
preclude any conclusions regarding contact coalescence of GM1
gangliosides on the ZP surface. Another possible explanation is that
sperm–sperm binding involves a different cohort of molecules to
those required for sperm–ZP binding.
Discussion
Spermatozoa (boar) have signiﬁcant advantages over somatic cells
for studies onmembrane structure. They are devoid of microvilli, their
heads are relatively ﬂat, intracellular membrane trafﬁcking/endocy-
tosis is low or absent, and their surface is compartmentalized into
domains with sharp boundaries between them. These properties
greatly facilitate real time tracking of ﬂuorescent membrane probes.
In this work we have exploited these advantages to visualize GM1
gangliosides and ZP-BMs in the plasma membrane and to investigate
how their diffusion is affected by cholesterol efﬂux, a crucial step in
the capacitation process.
In the lipid raft model of membrane structure, glycosphingolipids,
cholesterol and GPI-anchored proteins assemble spontaneously into
small ordered complexes that diffuse rapidly within the outer leaﬂet
of the lipid bilayer, and may enlarge or disperse depending on the
activation state of the cell (Jacobson et al., 2007; Simons and Toomre,
2000). Since its inception, much experimental evidence has accumu-
lated to support the general concepts within this model although
major concerns have been raised (Kenworthy, 2008; Kusumi and
Suzuki, 2005), not least of which is the problem of detecting and
imaging lipid rafts in live cell membranes. Under steady state
conditions rafts are thought to be very small (10–40 nm) and short-
lived on a time-scale of b100 microseconds (Hancock, 2006). This
makes visualising and tracking rafts technically difﬁcult (Ishitsuka
et al., 2005). Clustering of raft markers has been observed in cell
membranes following cross-linking with antibodies and chemical
ﬁxation (Harder and Simons, 1999), treatments which preclude
assessment of their formation and diffusion characteristics. Notwith-standing the controversy over DRMs versus lipid rafts, the present
work clearly demonstrates that GM1 gangliosides and ZP-BMs
partition into the detergent resistant phase, that they can be cross-
linked into clusters with polyvalent probes, and that diffusion of
clusters can be measured in the plasma membrane of live sperma-
tozoa in real time. Arguably, diffusing clusters would not form if single
molecules of ZP-BMs and GM1 gangliosides were not also diffusing
rapidly in the same area of the cell.
Previous attempts to localize GM1 gangliosides on sperm plasma
membranes with ﬂuorescent CTXB have yielded variable results,
partly due to the masking effects of seminal plasma proteins and
partly to the use of ﬁxatives (Buttke et al., 2006; Nixon et al., 2008;
Selvaraj et al., 2006, 2009; Trevino et al., 2001). A consistent ﬁnding in
the present experiments, however, was that unlike live spermatozoa,
dead or permeabilized cells labeled strongly on the postacrosome
and/or midpiece regions. The combination of Percoll washing for the
efﬁcient removal of seminal plasma and optimization of labelling
conditions for Alexa Fluor 555-CTXB produced very reproducible
results. Since acidic pH is known to cause signiﬁcant conformational
changes to CTXB (De Wolf et al., 1987; McCann et al. 1997), this
provides the most plausible explanation for its increased binding to
sperm GM1 gangliosides at pH 5.5 rather than removal of seminal
plasma proteins, which in some species inhibit CTXB binding (Kawano
et al., 2008). Additionally, cauda epididymidal boar spermatozoa,
which have not been exposed to seminal plasma, stain similarly to
ejaculated spermatozoa (described in Supplementary Fig. S9).
The apical ridge localization of GM1 gangliosides on freshly labeled
spermatozoa is similar to that reported for an endogenous sulfoga-
lactosylglycerolipid (Bou Khalil et al., 2006) and an externally
introduced ﬂuorescent sulfogalactolipid analogue (Gadella et al.,
1995), with the difference that the former remains on the apical
ridge following capacitation (with BSA) while the diffusion of the
latter is Ca2+-dependent. Since CTXB is pentavalent, we presume that
it cross-links GM1 molecules into clusters which become sufﬁciently
large to appear as punctate ﬂuorescence. The loss of labeling from the
apical ridge during incubation implies that clusters detach and diffuse
away, although we have not observed this directly. Equally likely is
that cross-linking of GM1 gangliosides takes place throughout the
AAc. As clusters increase in number they appear to enlarge by capture
of smaller diffusing clusters (a process we have observed) to produce
irregular shaped aggregates, 1–2 μm in diameter, which eventually
cease diffusing. Large aggregates retain their asymmetry suggesting
that clusters do not merge completely, at least not above a certain size
threshold. The smallest clusters we could detect reliably were
∼0.3 μm diameter, and could contain ∼1800 CTXB molecules
assuming a close-packed structure of CTXB (Mou et al., 1995). The
mean D value of 0.052 μm2 s−1 for GM1 clusters is close to that for
DiC16 lipid particles (0.035 μm2 s−1) which are of similar size and
have been detected by atomic force microscopy in the outer leaﬂet of
the plasma membrane (James et al., 2004).
ZP-BMs on spermatozoa have been variously localized to the AAc,
EqS and PAc or a combination of all three depending on the species
(Chiu et al., 2008; Kerr et al., 2002). In boar spermatozoa they are
conﬁned initially to the apical ridge (Burkin and Miller, 2000;
Gaboriau et al., 2007) with the same punctate appearance as
described for GM1 gangliosides. Like GM1 gangliosides, ZP-BMs
partition into DRMs, but there are indications that they reside in
qualitatively different structures. First, unlike GM1 gangliosides,
diffusion of ZP-BM clusters was strictly dependent on cholesterol
efﬂux. Second, the contact-induced patches in aggregated spermato-
zoa contain GM1 gangliosides but not ZP-BMs. Third, in double-
labeling experiments not all diffusing clusters bound both probes. This
is consistent with reports of heterogeneity between membrane rafts
in mouse sperm (Asano et al., 2009). The identities of the ZP-BMs
observed here are not known (binding kinetics of ZPGPs to whole
sperm indicate that several ZP-BMs must be present; Thaler and
405R. Jones et al. / Developmental Biology 339 (2010) 398–406Cardullo, 1996), but their induced diffusion over the AAc and EqS
domains following cholesterol removal suggests that their re-
arrangement is important for egg recognition.
Cholesterol is a major component of lipid rafts and Lo domains
but its depletion has paradoxical effects, sometimes increasing
diffusion and sometimes inhibiting it (Kabouridis et al., 2000; Kwik
et al., 2003). In boar spermatozoa the AAc and EqS domains are
enriched in sterols relative to the PAc and tail plasma membranes
(James et al. 1999; Selvaraj et al., 2009) and hence would be more
sensitive to cholesterol depletion. However, it is unclear whether
MBCD treatment removes cholesterol preferentially from raft or non-
raft regions, or equally from both. What is clear is that lowering
sperm membrane cholesterol stimulates diffusion of clustered GM1
gangliosides and ZP-BMs whereas increasing cholesterol inhibits
cluster diffusion. These ﬁndings have functional correlates to long-
standing observations that removing cholesterol enhances sperm
capacitation whereas adding cholesterol suppresses it (Cross, 1998).
Our results contrast with mouse ﬁbroblasts in which cholesterol
depletion reduced CTXB-mediated GM1 clustering (Fujita et al.,
2007). More recently, Lingwood et al. (2008) reported cholesterol-
dependence of CTXB-induced coalescence of GM1 in plasma
membrane blebs from A431 carcinoma cells. The authors consider
that coalescence is possible only when there is underlying connec-
tivity between lipids mediated by cholesterol (e.g. in a raft). In
neither of these studies, however, was cluster formation and
diffusion visualized in real time. Although there are some parallels
with the present work, we consider that the continued presence of
CTXB in the incubation medium is the most likely reason for cluster
formation and enlargement (cf. antigen capping induced by polyva-
lent antibodies).
Diffusing clusters of both types were conﬁned to the AAc and EqS,
implying the presence of a diffusion barrier at the junction with the
PAc. No such barrier was present between the AAc and EqS as clusters,
irrespective of size and shape, exchanged freely between them.
Clearly, the topographical differences between the latter two regions,
as described by high resolutionmicroscopy procedures (Suzuki, 1981;
Shevchuk et al., 2006), are not predictive of functionality. Diffusion
barriers are common features of membranes in polarized cells in
which they create stable, long-range conﬁnement of speciﬁc mole-
cules (Rodriguez-Boulan and Nelson, 1989). At present, little is known
about what constitutes the EqS-PAc barrier in spermatozoa except
that it is impassable to micron-sized molecular clusters and is
unaffected by lowering membrane cholesterol. According to Nakada
et al. (2003), the membrane skeleton has a major role in creating
diffusion barriers in cell membranes.
Mechanosensitivity is a widespread biological phenomenon, e.g.
stretch-sensitive ion channels in membranes and clustering of
integrins at focal adhesion points (Bershadsky et al., 2003; Orr et al.,
2006). Aggregation of spermatozoa during capacitation is a common
occurrence in many species (Yanagimachi, 1994). The present results
suggest that GM1 gangliosides coalesce to the point of contact
between spermatozoa, evenwhen the area is small, such as when they
touch tip-to-tip (Fig. 5A). It is signiﬁcant that irrespective of the
position or size of the contact point, the remainder of the sperm head
does not stain with Alexa Fluor 555-CTXB, implying rapid directional
migration. An alternative explanation, that aggregation causes loss of
GM1 molecules except at the contact site, seems unlikely given the
large increase in ﬂuorescence intensity where the membranes are
touching. How the signal is propagated from the contact site is not
known but by analogy to the IS, in which the concentric arrangement
of activation clusters appear within minutes of T cell–antigen
presenting cell contact, possibilities include involvement of the actin
cytoskeleton and intracellular protein kinases (Zech et al., 2009).
Although our attempts to follow the process in real timewith BODIPY-
GM1 were only partially successful, we have observed contact
coalescence of Alexa Fluor 555-CTXB in aggregated spermatozoaafter 20 min incubation. This suggests the process is initiated within
minutes and migration is directional.
The fact that ZP-BMs did not show contact coalescence suggests
that either (a) only GM1-containing rafts coalesce or (b) that ZP-BMs
are extruded from the hybrid rafts which are then available to
coalesce. If (a) it would be expected that some labeled GM1 (i.e. in the
hybrid rafts) would remain on the acrosome. This was not the case.
Since lipid rafts are thought to be very dynamic structures exchanging
molecules in response to agonist binding (Hancock, 2006), scenario
(b) is the data best ﬁt. More intriguing is the possibility that ZP-BMs
show contact coalescence during sperm–zona binding. As a working
hypothesis we propose that the initial attachment of spermatozoa to
the ZP, which is operationally described as “loose” (Yanagimachi,
1994), involves relatively few molecules but, with time, becomes
more tenacious through recruitment of ZP-BMs to the contact site.
This hypothesis will become testable when the diffusing ZP-BMs are
identiﬁed and their mechanism of binding elucidated.
In conclusion, our results show that efﬂux of cholesterol from the
sperm's plasma membrane, an early and crucial part of the
capacitation process, initiates redistribution and diffusion of ZP-BMs
from the apical ridge to the AAc and EqS but not the PAc. Like GM1
gangliosides, ZP-BMs partition exclusively into the DRM phase
suggesting they associate with lipid raft-like structures. Lastly, we
describe contact-induced coalescence of GM1 gangliosides during
sperm–sperm aggregation. We hypothesise that the latter represents
a form of mechanosensitivity, hitherto unknown in spermatozoa, and
that it provides a potential mechanism for targeting ZP-BMs to sites of
sperm–egg interaction during fertilization.
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